Introduction
Differential synthetic aperture radar (SAR) tomography (D-TomoSAR) [1, 2] is a kind of multi-baseline SAR processing framework that allows the joint resolution capability of multiple scatterers' velocities and elevations in the same range-azimuth cell through a two-dimensional (2-D) baseline-time spectral estimation. It is favored over similar differential SAR interferometry (D-InSAR) technologies [3] , such as persistent scatterer interferometry (PSI) [4, 5] and small baseline subset (SBAS) [6] , because D-TomoSAR can overcome the layover phenomenon in the forest or urban areas. At present, D-TomoSAR is widely used in mapping and monitoring the infrastructure deformation and ground subsidence caused by the over-pumping of groundwater or mining.
One of the disadvantages of the D-TomoSAR technique is that only one-dimensional (1-D) deformation along the radar line of sight (LOS) can be captured, which cannot fully describe the actual deformation information of ground. The extraction of three-dimensional (3-D) (East-West, North-South, Up-Down) deformation information plays an important role in monitoring seismic and volcanic activities and the urban surface subsidence. Thus, it is significant to decompose the observed 1-D LOS deformation information into the 3-D deformation parameters.
Several methods of 3-D deformation retrieval based on D-InSAR and D-TomoSAR technology have already been reported. These methods use a combination of multiple LOS deformation observations to orthogonal to the slant range-azimuth plane. Consider the processing of SAR acquisitions from N passes with M single looking complex (SLC) SAR images acquired simultaneously at each pass by M similar spaceborne SAR. Let =  , 1, 2, , n t n N , be the acquisition time of the phase centers in the nth pass, and let = =   , 1, 2, , , 1, 2, , mn t m M n N, be the imaging time of the mth SAR radar at the nth pass, thus, we have = = = = For simplicity, we assume the 2-D PSF to approximate an ideal 2-D Dirac function, and a deramping operation [18] is performed to compensate the phase quadratic distortion of the received data. Finally, the focused measurement of each pixel ( ) ′ ′ , r y , can be rewritten as: 
Note that only the LOS deformation can be observed by the conventional D-TomoSAR system, and at least three LOS observations from different acquisition geometries are required to decompose the LOS displacement into the 3-D deformation components [8] . However, the deformation component in the North-South direction cannot be reliably resolved because the current SAR For simplicity, we assume the 2-D PSF to approximate an ideal 2-D Dirac function, and a deramping operation [18] is performed to compensate the phase quadratic distortion of the received data. Finally, the focused measurement of each pixel (r , y ), can be rewritten as:
Note that only the LOS deformation can be observed by the conventional D-TomoSAR system, and at least three LOS observations from different acquisition geometries are required to decompose the LOS displacement into the 3-D deformation components [8] . However, the deformation component in the North-South direction cannot be reliably resolved because the current SAR satellites operate in the near-polar orbits. To improve the accuracy of the North-South deformation retrieval, the usage of squint imaging mode is helpful, which was verified in the D-InSAR [12, 16] . In this context, an improved D-TomoSAR signal model is proposed by introducing the 3-D deformation components of scatterers into the traditional D-TomoSAR system through the SAR squint imaging mode in this paper to achieve an improvement for the accuracy of deformation retrieval in the North-South direction.
Signal Model of Improved D-TomoSAR
As shown in Figure 2 , P 1 and P m are the antenna phase center of the first and mth radar, respectively, and the corresponding imaging time for the same region is t 1 and t n . In this paper, the acquisition acquired from radar P 1 at time t 1 is defined as the master image in the registration operation. The green plane is the 2-D imaging plane of the radar P 1 , and the point P m is the position of projecting the radar P m onto the imaging plane of radar P 1 . B is the spatial baseline between P 1 and P m . B mn,r is the horizontal baseline along the slant range direction, B mn,y is the horizontal baseline along the azimuth direction, and B mn,s is the orthogonal baseline along the elevation direction. The incidence angle of the beam center of P 1 is α, and θ sq denotes the squint angle. R 11 (0) is the distance between P 1 at time t 1 and the reference point T 0 , whose elevation is zero. Accordingly, R mn (s) is the distance between P m and the scatterer with an elevation s at time t n . R mn (0) is the reference range for the deramping operation, and it can be expressed as the distance between P m and the reference point T 0 . The scatterer is assumed to occur in a 3-D displacement during the imaging time from t 1 to t n , where the deformation components in the slant range, azimuth, and elevation direction are ∆r, ∆y, and ∆s, respectively. squint imaging mode in this paper to achieve an improvement for the accuracy of deformation retrieval in the North-South direction.
2.2.Signal Model of Improved D-TomoSAR
As shown in Figure 2 , P1 and Pm are the antenna phase center of the first and mth radar, respectively, and the corresponding imaging time for the same region is 1 t and n t . In this paper, Referring to Figure 2 , R mn (s) and the reference range R mn (0) for the deramping operation can be expressed as:
As mentioned in (2), R mn (s) − R mn (0) is given by:
where · represents the inner product of the vectors. According to the Fresnel approximation, the difference in slant range can be rewritten as: − (cos(θsq)R11(0)+Bmn,r)∆r−(sin(θsq)R11(0)−Bmn,y)∆y−s∆s
In this paper, we assume that the acquisitions were registered to the master image with subpixel accuracy. Hence, the horizontal baseline along the azimuth direction B mn,y is nearly zero. In addition, the acquisitions acquired from different orbits were also corrected to the reference image with a constant slant range distance to eliminate the effect of the spatial decorrelation [19] , by which the horizontal baseline along the slant range direction B mn,r is also approximately equal to zero. On the other hand, the first term in (5) is a constant and will not affect the amplitude of the image [20] . As a result, the first term in (5) can be incorporated in the backscattering function γ(·). Finally, the focused measurement in the improved D-TomoSAR model can be expressed as: 
where r = R 11 (0). Assuming that the 3-D deformation model of the scatterer follows the linear model, we have: ∆r = v r t n , ∆y = v y t n , ∆s = v s t n
where v r , v y , and v s are the deformation velocities of the scatterer along the slant range, azimuth, and elevation directions, respectively. Finally, (6) can be rewritten as: 
where δs is the elevation extent of the scatterers, and δv r , δv y , and δv s are the range of possible velocities along the slant range, azimuth, and elevation, respectively. In the conventional D-TomoSAR, the scatterers in each range-azimuth resolution cell are assumed to have only the linear displacement along the LOS direction, and the elevation and deformation parameters of the scatterers are independent of each other. As a result, the retrieval of the elevation and deformation parameters of scatterers fits well into the framework of 2-D spectral estimation. However, the elevation of each scatterer is coupled with its deformation parameter in the elevation direction in the improved D-TomoSAR signal model, as shown in (8) . This means that the 2-D spectral estimation cannot be used to estimate the elevation and the 3-D deformation parameters for the improved D-TomoSAR.
In addition, no more than four scatterers are assumed to locate in the same range-azimuth resolution cell in most of the typical ground scenes [21] . Therefore, the backscattering coefficient γ(·) in (8) can be assumed to be sparse in the object domain. Let K be the number of the scatterers lying in the same range-azimuth resolution cell, and the backscattering coefficient can be written as [22] : 
where e mn is the residual error signal after atmospheric phase compensation. Inspecting the phase terms in (10), the improved D-TomoSAR model is found to be the multi-component second order 2-D PPS.
Let s(µ, υ) be a general discrete-time multi-component second order 2-D PPS, which can be expressed as:
where:
where µ = 1, . . . , N and υ = 1, . . . , M, K is the number of the components, and A k is the amplitude of the kth component. Comparing (10) with (11) and (12), we have:
Equation (13) reveals that the elevation and deformation parameters of scatterers can be retrieved by estimating the coefficients of the 2-D PPS shown in (11) . Given that α (k) 0,1 contains two unknowns-v k,r and v k,y -at least two sets of combined SAR acquisitions with different squint angles are required to solve the three deformation components of scatterers. In addition, the larger the diversity of the squint angles of the different combined acquisitions is, the higher the achieved precision would be for the 3-D retrieval [12] .
3-D Deformation Retrieval for the Improved D-TomoSAR
As can be seen from the previous section, the improved D-TomoSAR signal model can be equivalent to a multi-component 2-D PPS, and its coefficients correspond to the elevation and deformation parameters of the scatterers. However, different from the general 2-D PPS with uniform sampling, the equivalent 2-D PPS is typically non-uniform and very sparse in the spatial and temporal baseline plane. This is because the acquisitions from the D-TomoSAR system are obtained by a multiple-pass of SAR systems with nonuniformly spaced orbits, and only a limited number of SARs or channels are used to acquire the data for each pass. As a result, the traditional estimation algorithm for general 2-D PPS is unable to be applied to the improved D-TomoSAR directly. Considering the above-mentioned, the 2-D product high-order ambiguity function (2-D PHAF) with the RELAX algorithm were proposed to achieve the estimations of the components in the 2-D PPS under the nonuniform and sparse sampled conditions [23] . In this section, the 2-D PHAF with the RELAX algorithm is firstly used to acquire the estimation of the coefficients in (10) . Then, two sets of combined SAR acquisitions with different squint angles are adopted to retrieve the 3-D deformation velocities.
Review of the 2-D PHAF with RELAX Algorithm
For each single component s (k) (µ, υ), k = 1, 2, . . . , K in (11), its 2-D high-order instantaneous moment (HIM) of second order is defined in [24] :
where τ 1 and θ 1 are the lags. Then, the 2-D high-order ambiguity function (HAF) is defined as the 2-D Fourier transform of the 2-D HIM, thus, the 2-D HAF of s
As mentioned in [24] , the second order 2-D HIM of s (k) (µ, υ) has a linear phase for a second order 2-D PPS. Thus, the phase coefficients of the single component 2-D PPS can be estimated by searching the location of the peak of the 2-D HAF. According to (11) , (12), (14) , and (15), the peak's coordinates of the 2-D HAF of s 2 (µ, υ; τ 1 , θ 1 ) can be given by:
Inspecting (16) , it is an equations group with two measurements-f (k) (τ 1 , θ 1 ) and g (k) (τ 1 , θ 1 )-and three unknowns-α
1,1 , and α (k) 0,2 . Thus, at least two sets of lags are required to estimate these unknown parameters. Once the second order coefficients are estimated, the second order phase term in s (k) (µ, υ) can be removed by a conjugate multiplication. After that, the original 2-D PPS degenerates into a one-order 2-D PPS whose phase coefficients can be achieved by the 2-D Fourier transform.
However, the pervious procedure is only applicable for the single component 2-D PPS. For the multi-component 2-D PPS, the cross terms caused by computing the 2-D HIM significantly affect the estimation results. In this case, the 2-D PHAF can be used to enhance the peaks of the auto terms and weaken the cross terms by multiplying the 2-D HAF with different sets of lags. Choosing L sets of the two lags as τ
, the second order 2-D PHAF with two lags can be given by: (17) where
are the two sets of lags vectors. τ
1 and
1 are the scaling factors to align the peaks of the auto terms. Let f
8 of 24 k = 1, 2, · · · , K be the locations of the peaks of PH AF 2 ( f , g, τ 1 , 0) and PH AF 2 ( f , g, 0, θ 1 ), respectively. The second order phase coefficients of each component in (11) can be estimated as follows:
(1) 1 (18) After estimating the second order coefficients of the kth component, we multiply the phase factor
0,2 υ 2 by the original signal in (11) , then the kth component becomes a 2-D PPS of order one while the other components remain 2-D PPS of order two. Therefore, the 2-D Fourier transform can be used to estimate the first order coefficients of the kth component. Repeat the above procedure to achieve the estimates of the phase coefficients of all components.
The key problem of the above algorithm is calculating the spectrum of the 2-D HIM for searching the locations of the peaks of 2-D PHAF. However, the operation of (15) requires the uniform sampling of the signals with a sampling rate that satisfies the Nyquist theorem, thus, the original 2-D PHAF algorithm is unable to be applied to the D-TomoSAR model directly. In this context, the RELAX algorithm [23] is preferred to solve the above problem, and it is able to achieve the peak's location of 2-D PHAF in low signal noise ratio (SNR).
3-D Deformation Motion Retrieval
Using the 2-D PHAF with the RELAX algorithm, the elevation and deformation parameters of multiple scatterers located in the same slant range-azimuth resolution cell can be estimated, and the deformation parameters are given from (13) as follows:
For one set of combined acquisitions with a non-zero squint angle, we have one measurement ry and two unknowns v k,r and v k,y . To retrieve these two unknown deformation components, at least two sets of combined SAR data with different squint angles are required. However, it should be noted that the slant range and azimuth direction are related to the SAR imaging geometry defined by the satellite heading and antenna incidence angle. Thus, the master images used in the two sets of combined data must be acquired by the same imaging geometry. This can be achieved by correcting the imaging geometry of master images into a reference geometry parameter through the registration operation. Assuming that the squint angles used in the two sets of combined acquisitions are θ sq1 and θ sq2 , respectively, (19) can be rewritten in the matrix form as:
where
Once the scatterers' 3-D deformation components along the slant range, azimuth, and elevation directions are estimated, the observed 3-D deformation components can be mapped to the original 3-D deformation parameters of v N , v E , and v U in North-South, East-West, and Up-Down directions. Assuming that the antenna incidence angle is α and the satellite heading angle is β, as shown in Figure 3 ,
9 of 24 the explicit projection relationship between the observed 3-D deformation parameters v k,r , v k,y , v k,s and the original deformation components can be written as: Similarly, (22) can be rewritten in the matrix form as:
, and Combining (21) with (23), we have:
Subsequently, the original 3-D deformation components in North-South, East-West, and Up-Down directions can be retrieved by weighted least squares as follows:
where rys Q is the covariance matrix caused by the residual atmospheric phase error of the measurements. Assuming the deformation parameters ϖ 1 ry and ϖ 2 ry acquired by the two sets of combined SAR data are independent, the non-diagonal elements in rys Q are zeros, and rys Q is only determined by its diagonal elements, i.e.: Similarly, (22) can be rewritten in the matrix form as:
Combining (21) with (23), we have:
where Q rys is the covariance matrix caused by the residual atmospheric phase error of the measurements. Assuming the deformation parameters ry1 and ry2 acquired by the two sets of combined SAR data are independent, the non-diagonal elements in Q rys are zeros, and Q rys is only determined by its diagonal elements, i.e.,:
are the estimation variance of the deformation parameters obtained by (19) , respectively.
The results in (25) show that the accuracy of the 3-D deformation retrieval depends on the imaging geometry of the combined data. Here, we introduce the concept of position dilution of precision (PDOP) in the global navigation satellite system (GNSS) to assess the accuracy of the 3-D deformation retrieval [8, 25] . According to the definition of PDOP, the estimation covariance matrix of 3-D deformation retrieval is:
The matrix Q UEN is a square symmetric matrix, and its diagonal elements denote the estimation error variance for the 3-D deformation components. The smaller the value the diagonal element is, the higher the precision of the estimation result for the corresponding deformation component will be.
Performance of 3-D Deformation Estimation
In this sub-section, a comparison of 3-D deformation retrieval performance between the proposed algorithm in this paper and the traditional motion decomposition method in [8] is carried out. In [8] , the 3-D deformation components are estimated by decomposing the multiple LOS displacement observed from different viewing geometries. As shown in Figure 3 , the relation between LOS deformation measurement v LOS observed by the traditional D-TomoSAR and the 3-D displacement components can be written as:
The results in (28) show that at least three LOS measurements from different acquisition geometries are required to achieve the three deformation components v U , v E , and v N . Assuming b m×1 is the deformation vector contains m (m ≥ 3) LOS observations, X 3×1 is the 3-D deformation vector consisting of the three deformation components in North-South, East-West, and Up-Down direction, and Φ m×3 is the coefficient matrix corresponding to the projection vectors. As a result, the relationship between the multiple LOS measurements and the 3-D deformation components can be expressed as:
Accordingly, the estimation covariance matrix of 3-D deformation retrieval from (29) can be written as:
where Q LOS represents the covariance matrix of the LOS measurements.
To analyze the performance of the proposed and the traditional methods objectively, three cases of geometric configurations of acquisitions were considered. For the first two cases, three stacks of combined data were adopted, and the acquisitions were all obtained from stripmap mode of SAR with a squint angle of zero. In Case I, the first two stacks were both acquired from the ascending orbit, while the third stack was acquired from the descending orbit. In Case II, we changed the satellite heading angle of the third stack to keep it away from the near-polar orbit to evaluate the effect of the heading angle for the 3-D deformation retrieval. Finally, the 3-D deformation parameters were retrieved by the traditional method from three LOS deformation measurements, as shown in (28) . For comparisons, in Case III, we considered two stacks of combined data with different squint angles to retrieve the 3-D deformation parameters with the proposed method.
It should be noted that the estimation covariance matrix (27) and (30) are related to the measurement covariance matrix Q rys and Q LOS , which are dependent on the SNR of acquisitions and the variance of the temporal baseline distribution. In order to evaluate the effect of variation of geometry for the 3-D deformation retrieval, we set the elements in the matrix Q rys and Q LOS to be σ 2 = 1 cm/year [8] . The geometric configurations of combined data are detailed in Table 1 . Accordingly, the standard deviations of the estimation of 3-D deformation components in these three cases can be calculated by (27) and (30), respectively, as shown in Table 1 . Results of Case I in Table 1 show that the accuracy of the deformation component in North-South direction was far lower than that of the other two directions due to the influence of the near-polar orbits. Therefore, the traditional 3-D deformation retrieval mode cannot reliably estimate the North-South motion parameter. Compared with Case I, the third set of data in Case II was acquired from the non-polar orbit. The experimental results show that the accuracy of the North-South deformation component could be improved by changing the satellite heading angle to make it deviate from the near-polar orbit. In Case III, two sets of combined data with different squint angles were adopted to retrieve the 3-D deformation components by using the proposed method. We can draw a conclusion that the existence of squint angles of combined data can improve the sensitivity to the North-South component retrieval and achieve a comparable effect as changing the satellite heading angle from the experimental results of Case III.
Although changing the satellite heading angle can improve the accuracy of the North-South deformation component, the satellite with non-polar orbit limits the latitudinal imaging coverage, as shown in the results of Cases II and III. On the contrary, the proposed method only uses the squint imaging mode of SAR with no changes to the existing satellite orbit design, which provides an effective way to enhance the North-South deformation component. To further verify the effectiveness of the proposed method, a detailed comparison analysis between Case II and Case III is presented. Firstly, we considered a scenario with three stacks of acquisitions. The geometric configurations of first two stacks were same as Case II, while the third stack had a varying satellite heading angle in the range of 187 degrees to 260 degrees. Figure 4a depicts the 3-D deformation precision as a function of the satellite heading angle. The results indicate that the accuracy of the North-South deformation component could be significantly improved by changing the heading angle of the satellite to make it deviate from the near-polar orbit. Secondly, we evaluated the effect of squinted acquisitions by using the geometric configurations in Case III, where the squint angle of first stack was fixed to 5 degrees, and another one changed from 6 degrees to 40 degrees. In this case, the 3-D deformation precisions are shown in 
Some Considerations

Resolution Analysis
Here, the analysis of the resolution for the proposed algorithm is presented. According to [26] , the resolution of the elevation estimation of a scatterer is determined by the overall orthogonal baseline length. Therefore, the Rayleigh resolution of the elevation estimation is: 
where T is the span of time baseline.
It can be seen that the resolution of deformation velocity in slant range and azimuth directions are related to the squint angle of the SAR imaging.
Discussion about the Nonlinear Deformation
In (7), a linear deformation model of scatterers was assumed in this paper. However, in reality, the deformation can be nonlinear. Therefore, it is necessary to analyze the performance of the proposed algorithm in the nonlinear deformation case.
Generally, the most common types of nonlinear motion of scatterers are accelerating motion and periodic motion [27] . Among them, the accelerating motion may be caused by the 
Some Considerations
Resolution Analysis
Here, the analysis of the resolution for the proposed algorithm is presented. According to [26] , the resolution of the elevation estimation of a scatterer is determined by the overall orthogonal baseline length. Therefore, the Rayleigh resolution of the elevation estimation is:
where B ⊥ is the overall orthogonal baseline length. Similarly, the resolution of the 3-D deformation velocity is determined by the span of time baseline, and the resolution of 3-D velocity along the slant range, azimuth, and elevation directions are expressed as follows:
Discussion about the Nonlinear Deformation
Generally, the most common types of nonlinear motion of scatterers are accelerating motion and periodic motion [27] . Among them, the accelerating motion may be caused by the over-exploitation of groundwater or minerals, while the thermal dilation effect of scatterers caused by the seasonal temperature variations usually presents as a periodic movement characteristic. Therefore, the following analyses are divided into two cases: (a) the deformation of the scatterer contains linear and accelerating motions; (b) the deformation of the scatterer contains linear and periodic motions. In addition, we also give a brief analysis of the mixed deformation, which contains both of the above kinds of motions.
(a) Deformation contains linear and accelerating motion: In this case, the 3-D deformation model described in (7) 
where a r , a y , and a s are the deformation accelerations of the scatterers along the slant range, azimuth, and elevation directions, respectively. Substituting (33) into (6) and using the discretization operation, we have:
Similarly, inspecting the phase terms in (34), the signal model can be regarded as a multi-component fourth order 2-D PPS. Accordingly, the relationship between the phase coefficients in (34) and those of the general fourth order 2-D PPS can be expressed as:
Since the original 2-D PHAF algorithm is suitable for solving the high-order 2-D PPS, the phase coefficients in (34) can still be estimated by using the proposed algorithm in this paper. Once the estimations of phase coefficients in (34) are achieved, the elevation, 3-D deformation velocity and 3-D deformation acceleration of scatterer can be estimated from the following equations:
cos θ sq a k,r − sin θ sq a k,y = λα
According to (36) and (37), at least two sets of SAR acquisition with different squint angles are required to solve the 3-D deformation velocities and accelerations of scatterers. However, it should be noted that in the process of phase coefficients estimation using the PHAF-based algorithm, the phase differentiation technique is employed to reduce the order of the PPS. Thus, the estimation errors of the highest-order coefficient affect the estimation of low-order coefficients, which is a so-called error propagation phenomena. As a result, it is necessary to improve the SNR of the SAR data to retrieve the 3-D deformation parameters of scatterers accurately.
(b) Deformation contains linear and periodic motion:
Previous research has shown that with the decrease of wavelength, SAR sensors are more sensitive to small surface displacements. Especially in urban areas, buildings with steel structures such as roofs, bridges, and tunnels not only have linear deformation displacement but are also affected by the nonlinear seasonal deformation caused by the thermal dilation effects [28] .
Generally, there are two methods to retrieving the nonlinear seasonal deformation component. One is to use the temperature distribution of the monitoring area at the imaging time to form a synthetic aperture to carry out the five-dimensional (5-D) imaging. However, this method is not an optimal strategy because sometimes the temperature data of the monitoring area at the acquisition instants are difficult obtain, and the real temperature corresponding to the different structures also depends on the solar irradiation and the materials of the area. An alternative method is to use a sinusoidal function to simulate the thermal dilation effects caused by the seasonal temperature variations [27, 29, 30] , which was proven to be effective under the condition of missing the temperature of the monitoring area. Therefore, in this part of the analysis, the periodic motion of the scatterer is described by a sinusoidal function rather than the former method. In this case, the 3-D deformation model described in (7) can be rewritten as: ∆r = v r t n + β r sin(2π f t n ), ∆y = v y t n + β y sin(2π f t n ), ∆s = v s t n + β s sin(2π f t n ) (38) where β r , β y , and β s are the amplitude of the periodic motion of the scatterers along the slant range, azimuth, and elevation directions, respectively. f is the seasonal frequency. It should be noted that the period of the seasonal temperature variations is one year, thus, f = 1. Similarly, substituting (38) into (6) and using the discretization operation, we have: 
The signal shown in (39) is a multi-component 2-D hybrid sinusoidal frequency modulated (FM) and PPS (2-D hybrid sinusoidal FM-PPS), while the algorithm proposed in this paper is only suitable for the pure 2-D PPS. Therefore, in this case, the amplitude of the periodic motion of the scatterer is unable to be estimated. Moreover, owing to the existence of the periodic motion of the scatterer, the estimation error of linear deformation is increased.
In conclusion, for the scatterer with linear and accelerating motion, the proposed algorithm can be used to estimate the 3-D velocity and 3-D acceleration of the deformation. However, in order to achieve the accurate estimation results, a high SNR of the SAR acquisitions is required. For the scatterer with linear and periodic motion, only the linear deformation components with large estimation errors can be obtained by using the proposed algorithm, and the amplitude of the periodic motion fails to be achieved. Furthermore, when the scatterer contains the above three kinds of deformation, the estimation errors of 3-D deformation velocities and 3-D accelerations are further increased.
3-D Deformation Retrieval Simulation
In this section, simulation experiments are carried out to verify the effectiveness of the proposed model and algorithm. In the following experiments, two sets of combined acquisitions were acquired to retrieve the 3-D deformation by using the pursuit monostatic mode of a bistatic SAR system through repeat-passes [31] . In order to be more realistic, the system parameters of TanDEM-X are introduced here for the simulation of bistatic SAR system in this paper, and the system parameters for each SAR sensor are shown in Table 2 . The experiments in this section were composed of two parts; the first part was the numerical simulation experiment for point targets, and the second one was the validation performance for the scene target using the semi-real data. 
Numerical Simulation for Point Target
In this part, the point targets simulation was performed to verify the effectiveness of the proposed improved D-TomoSAR model, and the accuracy of the 3-D deformation retrieval was analyzed. To this end, we assumed that there were a total of three scatterers located in a same slant range-azimuth resolution cell along the elevation direction. The scatterers' elevations and the 3-D deformation velocities in East-West, North-South, and Up-Down directions are listed in Table 3 . Accordingly, the corresponding scatterers' 3-D deformation velocities in slant range, azimuth, and elevation directions under the case of squint imaging mode can be calculated, which is also listed in Table 3 . The Gaussian random noise with a mean value of zero and a standard deviation of 1 cm/year was added to the 3-D deformation velocities of each scatterer for realistic purpose. Previous results show that the combined data for the 3-D deformation retrieval needed to be acquired by the 2-D imaging of SAR. However, due to the existence of the squint angle, the conventional focusing algorithm for the side-looking SAR could not be applied to the squint mode SAR imaging directly. At this point, the algorithm in [32] was adopted to achieve the 2-D SAR imaging. This algorithm could still provide a stable 2-D focusing performance with a squint angle of 65 degrees, which meets the requirement of the 2-D imaging with squint mode in this paper. To approach the real imaging environment, the signal received by the SAR system was added by Gaussian noise with SNR = 5 dB in this experiment. To retrieve the 3-D deformation parameters of scatterers, two SAR sensors in Table 2 were used through 30 repeat-passes to achieve two stacks of combined SAR acquisitions with different squint angles. Subsequently, the scatterers' elevation s and the deformation parameters ry and s in (19) could be estimated by the 2-D PHAF with the RELAX algorithm for each combined SAR acquisition. The estimated results are shown in Figure 5a ,b. Finally, the estimation of 3-D deformation components in the slant range, azimuth, and elevation directions could be obtained by using the weighted least squares method to solve (21) , and the retrieved results are summarized in Table 4 . The experimental results show that the estimations of the 3-D deformation in three directions were very close to the real values. The estimation error was less than 0.5 cm/year in the slant range and the elevation direction and was no more than 1 cm/year in the azimuth direction. Although the accuracy of deformation estimation in azimuth direction was inferior to the other two directions, the proposed method still achieved a great improvement in accuracy of retrieval for the azimuth direction deformation compared with the traditional method. This proves the effectiveness of the proposed improved D-TomoSAR model, which provides a feasible solution to the realization of estimations of the 3-D deformation. Furthermore, once the 3-D deformation components along the slant range, azimuth, and elevation direction were estimated, the corresponding deformation parameters in North-South, East-West, and Up-Down directions could be calculated by (25) , as shown in Table 5 .
To retrieve the 3-D deformation parameters of scatterers, two SAR sensors in Table 2 were used through 30 repeat-passes to achieve two stacks of combined SAR acquisitions with different squint angles. Subsequently, the scatterers' elevation s and the deformation parameters ϖ ry and ϖ s in (19) could be estimated by the 2-D PHAF with the RELAX algorithm for each combined SAR acquisition. The estimated results are shown in Figure 5a ,5b. Finally, the estimation of 3-D deformation components in the slant range, azimuth, and elevation directions could be obtained by using the weighted least squares method to solve (21) , and the retrieved results are summarized in Table 4 . The experimental results show that the estimations of the 3-D deformation in three directions were very close to the real values. The estimation error was less than 0.5 cm/year in the slant range and the elevation direction and was no more than 1 cm/year in the azimuth direction. Although the accuracy of deformation estimation in azimuth direction was inferior to the other two directions, the proposed method still achieved a great improvement in accuracy of retrieval for the azimuth direction deformation compared with the traditional method. This proves the effectiveness of the proposed improved D-TomoSAR model, which provides a feasible solution to the realization of estimations of the 3-D deformation. Furthermore, once the 3-D deformation components along the slant range, azimuth, and elevation direction were estimated, the corresponding deformation parameters in North-South, East-West, and Up-Down directions could be calculated by (25) , as shown in Table 5 . Furthermore, in order to illustrate the advantages of the proposed algorithm, the above estimation results were compared with the motion decomposition method [8] . In the following comparative simulation, three sets of SAR acquisitions were used to retrieve the 3-D deformation components. The parameters of SAR satellites shown in Table 1 of [8] were adopted for this experiment, as shown in Table 6 . First, three sets of SAR acquisitions for the D-TomoSAR processing were obtained by the three satellites in Table 6 through 30 repeat-passes. Then, the sparse reconstruction algorithm was used to estimate the LOS deformation velocities for each set of SAR acquisitions. As a result, three LOS deformation observations from different acquisition geometries were obtained, and the reconstructed elevations and deformation velocities for the three sets of SAR acquisitions are shown in Figure 6 . The estimations of deformation velocity along LOS are listed in Table 7 . Subsequently, the L1-norm minimization algorithm in [8] was used to decompose the LOS observations to achieve the 3-D deformation components, and the estimated results are summarized in Table 8 .
Scatterer Estimation Value Estimation Error 3-D Deformation (
Furthermore, in order to illustrate the advantages of the proposed algorithm, the above estimation results were compared with the motion decomposition method [8] . In the following comparative simulation, three sets of SAR acquisitions were used to retrieve the 3-D deformation components. The parameters of SAR satellites shown in Table 1 of [8] were adopted for this experiment, as shown in Table 6 . First, three sets of SAR acquisitions for the D-TomoSAR processing were obtained by the three satellites in Table 6 through 30 repeat-passes. Then, the sparse reconstruction algorithm was used to estimate the LOS deformation velocities for each set of SAR acquisitions. As a result, three LOS deformation observations from different acquisition geometries were obtained, and the reconstructed elevations and deformation velocities for the three sets of SAR acquisitions are shown in Figure 6 . The estimations of deformation velocity along LOS are listed in Table 7 . Subsequently, the L1-norm minimization algorithm in [8] was used to decompose the LOS observations to achieve the 3-D deformation components, and the estimated results are summarized in Table 8 . Table 8 . Results of 3-D deformation estimations using the motion decomposition [8] . As can be seen from the comparison of Tables 5 and 8 , the flight directions of the satellites were almost parallel to the North-South direction owing to the SAR satellites operating in the near-polar orbit. Thus, the method of motion decomposition was insensitive to the North-South deformation retrieval, which led to a large estimation error. As mentioned by the authors of [8] , precise unambiguous retrieval of the North-South component is not possible when only using the geometry configuration of current SAR satellites. The experimental results of the above simulation also draw the same conclusion. Therefore, the feasibility of the proposed algorithm in this paper for retrieving the 3-D deformation components was further verified by the analysis of the compared experiment.
Scatterer Estimation Value Estimation Error
According to Table 4 , the estimation errors were not very small, especially for v y . Nevertheless, the accuracy of the estimation in the azimuth (North-South) direction also greatly improved compared with the motion decomposition method [8] shown in Table 8 . In addition, compared with the decomposition method, the proposed algorithm only needed two sets of SAR acquisitions with different oblique angles without changing the orbit of the SAR satellite, which is conducive to practical application. On the other hand, as can be seen from Table 1 and Figure 4 , the higher diversity of the squint angles between the two sets of SAR acquisitions, the more precise the deformation estimation in North-South was. In the above simulation, the estimated results of Table 4 were obtained by using the SAR acquisitions with squint angles of 5 degrees and 21.3 degrees, respectively. In order to further improve the accuracy of the deformation estimation in the azimuth direction, it is necessary to increase the diversity of the squint angles between the two sets of SAR acquisitions. To illustrate this point, an additional experiment was performed. The parameters used in this experiment were similar to those in Table 2 , except that the squint angle of Satellite 2 increased from 21.3 degrees to 45 degrees. Then, the same simulation scenario was adopted, and the estimation results of the 3-D deformation in the slant range, azimuth, and elevation directions are shown in Table 9 . The experimental results show that the accuracy of the deformation estimation in the azimuth direction improved with the increase in the diversity of the squint angles, which verifies the correctness of the above conclusions. In addition, we set the variation of the SNR of SAR imaging in the range of [−10 dB, 15 dB] to evaluate the effect of noise on the elevation and the 3-D deformation retrieval. For each SNR, 250 simulations were performed. The parameters of scatterers are shown in Table 2 . Figure 7 presents the three scatterers' average estimation errors of elevation and 3-D deformation velocities as a function of the SAR imaging SNR, showing the performance improvement of the estimation when increasing the SNR of SAR imaging. For SNR = 5dB, the average error of elevation estimation was less than 0.4 m, and the error of deformation velocity estimations were no more than 0.5 cm/year in the slant range and elevation directions. The error of deformation estimation in the azimuth direction was larger than that in the other two directions due to the inadequate angular diversity of the squint angles used in the two combined acquisitions. Table 10 
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Experiment with Semi-Real Data
In this part, an experiment was performed to verify the effectiveness of the proposed method for the scene target by using the semi-real data. In this experiment, we used Giorgio Franceschetti's method [33] to generate the SAR raw data. The digital elevation model (DEM) data provided by Shuttle Radar Topography Mission (SRTM) were used as the terrain data, as shown in Figure 8a , and the deformation velocity maps in slant range, azimuth, and elevation directions were simulated in the corresponding scene, respectively, as shown in Figures 8b, 8c , and 8d. The parameters of SAR systems are shown in Table 2 . Figure 9a illustrates one of the semi-real SAR images as an example. The elevation and deformation parameters are estimated by the proposed algorithm, and the results are as follows: Figure 9b is the estimation of elevation; Figures 9c, 9d , and 9e are the estimations of deformation velocities in slant range, azimuth, and elevation directions, respectively. It can be seen that the estimated deformation in the three directions had the same trend as the real deformation map. The black line in Figure 9b shows the position of the analysis slice, and the estimation errors of 3-D deformation velocities for the scatterers located in this line are presented in Figure 10 . Similar to the experimental results in the previous sub-section, the estimation errors in the slant range and elevation direction were also no more than 0.5 cm/year, and the accuracy of deformation retrieval in the azimuth direction was worse than that in the other two directions. Nevertheless, according to Figure 4b , the accuracy of the estimation in the azimuth direction could be improved by increasing the angular diversity of the squint angles used in the two combined acquisitions. Experimental results show the potential of the proposed algorithm for the reconstruction of the elevation and deformation parameters from the full SAR image. 
In this part, an experiment was performed to verify the effectiveness of the proposed method for the scene target by using the semi-real data. In this experiment, we used Giorgio Franceschetti's method [33] to generate the SAR raw data. The digital elevation model (DEM) data provided by Shuttle Radar Topography Mission (SRTM) were used as the terrain data, as shown in Figure 8a , and the deformation velocity maps in slant range, azimuth, and elevation directions were simulated in the corresponding scene, respectively, as shown in Figure 8b -d. The parameters of SAR systems are shown in Table 2 . Figure 9a illustrates one of the semi-real SAR images as an example. The elevation and deformation parameters are estimated by the proposed algorithm, and the results are as follows: Figure 9b is the estimation of elevation; Figure 9c -e are the estimations of deformation velocities in slant range, azimuth, and elevation directions, respectively. It can be seen that the estimated deformation in the three directions had the same trend as the real deformation map. The black line in Figure 9b shows the position of the analysis slice, and the estimation errors of 3-D deformation velocities for the scatterers located in this line are presented in Figure 10 . Similar to the experimental results in the previous sub-section, the estimation errors in the slant range and elevation direction were also no more than 0.5 cm/year, and the accuracy of deformation retrieval in the azimuth direction was worse than that in the other two directions. Nevertheless, according to Figure 4b , the accuracy of the estimation in the azimuth direction could be improved by increasing the angular diversity of the squint angles used in the two combined acquisitions. Experimental results show the potential of the proposed algorithm for the reconstruction of the elevation and deformation parameters from the full SAR image. In the above experiment with semi-real data, the DEM data were used to generate the SAR raw data in a natural scene, and the layover phenomenon was ignored. However, the D-TomoSAR was mainly applied to monitor the scenario with layover phenomenon such as urban areas and forests. Therefore, a semi-real SAR raw data of the urban area was simulated to further verify the effectiveness of the proposed algorithm. The DEM data of Shanghai was adopted to simulate the urban scene in this experiment, as shown in Figure 11 . The red box in Figure 11 is the region of interest (ROI), which contains some buildings. Thus, the layover phenomenon occurs when imaging for the ROI. Assuming that each slant range-azimuth resolution cell of the SAR image in the ROI contains two scatterers, we call them the dominant scatterer and the secondary scatterer. Accordingly, the elevation and deformation maps of the ROI are simulated, shown as in Figure 12 , where Figure 12a In the above experiment with semi-real data, the DEM data were used to generate the SAR raw data in a natural scene, and the layover phenomenon was ignored. However, the D-TomoSAR was mainly applied to monitor the scenario with layover phenomenon such as urban areas and forests. Therefore, a semi-real SAR raw data of the urban area was simulated to further verify the effectiveness of the proposed algorithm. The DEM data of Shanghai was adopted to simulate the urban scene in this experiment, as shown in Figure 11 . The red box in Figure 11 is the region of interest (ROI), which contains some buildings. Thus, the layover phenomenon occurs when imaging for the ROI. Assuming that each slant range-azimuth resolution cell of the SAR image in the ROI contains two scatterers, we call them the dominant scatterer and the secondary scatterer. Accordingly, the elevation and deformation maps of the ROI are simulated, shown as in Figure 12 , where Figure 12a ,12e are the elevation of dominant scatterer and secondary scatterer, respectively. In the above experiment with semi-real data, the DEM data were used to generate the SAR raw data in a natural scene, and the layover phenomenon was ignored. However, the D-TomoSAR was mainly applied to monitor the scenario with layover phenomenon such as urban areas and forests. Therefore, a semi-real SAR raw data of the urban area was simulated to further verify the effectiveness of the proposed algorithm. The DEM data of Shanghai was adopted to simulate the urban scene in this experiment, as shown in Figure 11 . The red box in Figure 11 is the region of interest (ROI), which contains some buildings. Thus, the layover phenomenon occurs when imaging for the ROI. Assuming that each slant range-azimuth resolution cell of the SAR image in the ROI contains two scatterers, we call them the dominant scatterer and the secondary scatterer. Accordingly, the elevation and deformation maps of the ROI are simulated, shown as in Figure 12 , where Figure 12a ,12e are the elevation of dominant scatterer and secondary scatterer, respectively. In the above experiment with semi-real data, the DEM data were used to generate the SAR raw data in a natural scene, and the layover phenomenon was ignored. However, the D-TomoSAR was mainly applied to monitor the scenario with layover phenomenon such as urban areas and forests. Therefore, a semi-real SAR raw data of the urban area was simulated to further verify the effectiveness of the proposed algorithm. The DEM data of Shanghai was adopted to simulate the urban scene in this experiment, as shown in Figure 11 . The red box in Figure 11 is the region of interest (ROI), which contains some buildings. Thus, the layover phenomenon occurs when imaging for the ROI. Assuming that each slant range-azimuth resolution cell of the SAR image in the ROI contains two scatterers, we call them the dominant scatterer and the secondary scatterer. Accordingly, the elevation and deformation maps of the ROI are simulated, shown as in Figure 12 , where Figure 12a ,12e are the elevation of dominant scatterer and secondary scatterer, respectively. The proposed algorithm was used to estimate the elevation and the deformation velocity of the ROI, and the estimation results are shown in Figure 13 . It can be seen from the experimental results that the estimated elevation and the 3-D deformation velocities of the dominant scatterer and secondary scatterer had the same trend as the true values. Similarly, the estimation errors of The proposed algorithm was used to estimate the elevation and the deformation velocity of the ROI, and the estimation results are shown in Figure 13 . It can be seen from the experimental results that the estimated elevation and the 3-D deformation velocities of the dominant scatterer and secondary scatterer had the same trend as the true values. Similarly, the estimation errors of elevation and deformation velocity of scatterers located at the slice in Figure 12a were calculated, as shown in Figure 14 . The experimental results show that the estimation results were consistent with our expectation, which validates the ability of the proposed algorithm to retrieve the elevation and 3-D deformation parameters in the scenario with layover phenomenon.
(e) (f) (g) (h) Figure 12 . The simulation of elevation and deformation maps. (a)-(d) are the simulated elevation of the dominant scatterer and its simulated deformation velocities along the slant range, azimuth, and elevation directions, respectively. (e)-(h) correspond to the secondary scatterer.
The proposed algorithm was used to estimate the elevation and the deformation velocity of the ROI, and the estimation results are shown in Figure 13 . It can be seen from the experimental results that the estimated elevation and the 3-D deformation velocities of the dominant scatterer and secondary scatterer had the same trend as the true values. Similarly, the estimation errors of elevation and deformation velocity of scatterers located at the slice in Figure 12a were calculated, as shown in Figure 14 . The experimental results show that the estimation results were consistent with our expectation, which validates the ability of the proposed algorithm to retrieve the elevation and 3-D deformation parameters in the scenario with layover phenomenon. 
Conclusion
In this paper, a method is proposed for retrieving the elevation and 3-D deformation velocities of ground from an improved D-TomoSAR system model. Firstly, the relationship between the phase term of the improved D-TomoSAR and the 3-D deformation displacements is established from the imaging geometry of the D-TomoSAR system. The improved D-TomoSAR signal model can be regarded as a 2-D PPS, thus, the 2-D PHAF with the RELAX algorithm is introduced to estimate the elevation and 3-D deformation velocities of scatterers. Subsequently, the theoretical accuracy of 3-D deformation retrieval of the improved D-TomoSAR system is analyzed with respect to the squint angle of SAR imaging. In addition, the performance to assess the 3-D deformation retrieval of the proposed algorithm and the traditional method is compared. Results show that increasing the squint angle of SAR imaging and changing the satellite heading angel have a comparable effect on 
Conclusions
In this paper, a method is proposed for retrieving the elevation and 3-D deformation velocities of ground from an improved D-TomoSAR system model. Firstly, the relationship between the phase term of the improved D-TomoSAR and the 3-D deformation displacements is established from the imaging geometry of the D-TomoSAR system. The improved D-TomoSAR signal model can be regarded as a 2-D PPS, thus, the 2-D PHAF with the RELAX algorithm is introduced to estimate the elevation and 3-D deformation velocities of scatterers. Subsequently, the theoretical accuracy of 3-D deformation retrieval of the improved D-TomoSAR system is analyzed with respect to the squint angle of SAR imaging. In addition, the performance to assess the 3-D deformation retrieval of the proposed algorithm and the traditional method is compared. Results show that increasing the squint angle of SAR imaging and changing the satellite heading angel have a comparable effect on improving the accuracy of deformation retrieval in North-South direction. Finally, simulation and semi-real data results demonstrate the effectiveness and accuracy of the proposed method.
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